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The Gamow- Teller(GT) states are investigated in relativistic models. The Landau-Migdal(LM) 
parameter is introduced in the Lagrangian as a contact term with the pseudo-vector coupling. In 
the relativistic model the total GT strength in the nucleon space is quenched by about 12% in 
nuclear matter and by about 6% in finite nuclei, compared with the one of the Ikeda-Fujii-Fujita 
sum rule. The quenched amount is taken by nucleon-antinucleon excitations in the time-like region. 
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non-relativistic models in describing the excitation energy of the GT state. The Pauli blocking 
terms are not important for the description of the GT states. 
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I. INTRODUCTION 

For the last 30 years it has been shown that relativistic models work very well phenomenologically to explain various 
nuclear phenomena dj ■ Most of them assume that the nucleus is a relativistic system composed of the Dirac particles 
in the Lorentz scalar and vector potentials. 

In the present paper, we study the excitation energy and strength of the Gamow- Teller (GT) states in the relativistic 
models. As far as the authors know, the GT states have not been studied in detail so far Q ■ We will discuss those 
mainly in nuclear matter, since we can obtain analytic expressions of the excitation energy and strength which make 
clear the structure of the relativistic model and the difference between the relativistic and non-relativistic models. 

In the next section we will present our relativistic framework to discuss the GT states. The Landau-Migdal(LM) 
parameter will be introduced in the Lagrangian as a contact term to take into account particle-hole correlations. In 
the section IIIII the transverse correlation function will be calculated explicitly, from which an analytic expression of 
the excitation energy will be obtained in section Hvl In section [V] the GT strength will be calculated. We will show 
that the total GT strength is quenched by about 12% in nuclear matter and by about 6% in finite nuclei, compared 
with the non-relativistic sum rule value. The quenched strength is taken by the nucleon-antinucleon excitations in the 
time-like region, which can not be excited with charge- exchange reactions. Effects of the Pauli blocking terms on the 
excitation energy and strength will be shown to be negligible in section Hvl and IVl In section IvTl we will show that 
the way to add the LM parameter to the relativistic meson propagator, which was frequently used in a description 
of high-momentum transfer reactions -3|, can not describe the GT states. The last section will be devoted to a brief 
summary of the present work. 

II. RELATIVISTIC MODEL 

We assume that the mean field is provided by the Lorentz scalar and vector potential. The RPA correlations are 
described using the basis given in this mean field, and are assumed to be induced through the Lagrangian: 

c = - to$r?i> d^i + ^ ^r/V i>r^ (i) 

with 

r~? = 757%: , Stt = — , 9b = [ — ) g'- 

The first term stands for the usual PV coupling between the pion and nucleon, and the second term is to take into 
account the LM parameter g'Q. Although it is model-dependent how to introduce g' in the relativistic model, we 
will show that the above Lagrangian yields the known expression for the excitation energy of the GT state in the 
non-relativistic limit. The first term, in fact, is not relevant for the GT states in nuclear matter. It is, however, kept 
in order to show later that if the LM parameter is put into the meson propagator, we can not describe the GT state. 
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For the Lagrangian Eq.Q, the RPA correlation function Urpa is written in terms of the mean field one 7T5J, 

n RPA (r A ,r B ) = n(r A ,r B ) + xAq)n(r A ,r l -q)n R p A (r 2 -q,r B ) + X5 n(r A ,r?)n RPA (r tll ,r B ), (2) 

where the following notations are employed, 

f s gl 1 55 

XAl) = TTT-vTZ^ "o - X5 - 



For isospin-dependent excitations, the mean field correlation function is given by 

n{r a ,r p ) = Jd 4 P Tr a Tr T ^r a G F (p + q)r Gu(p) + r a G Ti (p + q)rpG F (p) 

+ r a G D ( P + q)r G B {p) + r a G F ( P + q )r p G F ( P )^ , (3) 

where we have defined the isospin operator r a : 



and the propagator: 



with 



7~x i ^1~y 



G H (?) = G F (9) + G D (<?) , G D (q) - G(fc p ; g) ^— ^ + G(fc n ; q) 



Gp(g) = ^-M^ + i £ ' ^59) = J^ + M^^o-^q)^, (i = P,n). 

Here, we have also used the abbreviation for the step function: 6^ = 9(ki— |q|) , fc p and fc n being the Fermi momentums 
of the protons and neutrons, respectively. Moreover, i? q is equal to y/M* 2 + q 2 , where the Lorentz scalar potential 
is included in the nucleon effective mass M*. The Lorentz vector potential does not show up explicitly in the present 
discussion of the nuclear matter. In Eq.(|3J), the first three terms are density-dependent, including the Pauli blocking 
terms, while the last one is density-independent and divergent. The last term is usually neglected 0, but we keep it 
for later discussions. Effects of the Pauli blocking terms on the excitation energy and strength of the GT state will 
be also discussed later. 

For the t± excitations, the RPA correlation function in Eq.J2J is described as 

n RPA (r° , rt) = [u- 1 } ab 'n(r b ,+ , i±), (4) 

where U denotes the dimesic function of the 5x5 matrix: 

u ab = g ab - xbE(r+ , r b _ ) 

with the notations for o = — 1, 0, • • • , 3, 



X?r , a = -1 

7 ° = j ' Xa = { 

In the above equation, g ab is defined as g ab = l(a = b = —1), = g^ v {a = fi, b = v) and g^ 1 ^ = g^ 1 = 0. 

ion function is straightforward. 

77(r«, r h _ ) = n B (ri,r b _ ) + n F (r«, r b ), (5) 

they are obtained as, 

,AS(po-E p ) ( t ab (p,q) a(n) , t ab (p 7 ~q) 



{ X5 , a = /i. 

9 '" 9 

The calculation of the mean field correlation function is straightforward. Separating 77 (.T", rt ) into the density- 
dependent and independent parts: 



n B (r^r b _) = Jd 4 P ' 



E P \(p + q) 2 - M* 2 + ie p {p-q) 2 -M' 
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+ in fa S (PO^E p )S(po + qo-E p+ci ) ^ q) ( P ) (6) 

tj (pa r b \ J_ fi4 ^(P, g) f~s. 

Fl +' ' in J P (p 2 -M* 2 +ie)((p + q) 2 -M* 2 + ie)' [ ) 
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where t ab (p, q) is given by 

lT(p,q) = l(f (Af* 2 +p 2 +p.q) - 2 p»p»-p»q v -p v q»), (8) 

t- 1V {p,q) = q^(p,q)=4(q»(M* 2 +p 2 )-p»(q 2 + 2p- q )), (9) 

r^ip.q) = 4(q 2 (M* 2 +p 2 )-p-q(q 2 + 2p-q)y (10) 

When we define the three dimensional axes as q^ = (q , q x , 0, 0), we can show that 27(.T", 7 + ) has a structure as 
shown in Table|U-(a), where open boxes mean U(.Tf , 7+ ) to be non-zero. Thus, the transverse parts of 77 (7 1 ", 7+ ) 
are decoupled from the pion(a = —1)-, time(a = 0)- and longitudinal(a = 1) ones. In the present paper, we are 
interested in the GT states excited at q = 0. In this case, the longitudinal part is also decoupled from the pion- and 
time-component (PT), as in Table|l]-(b). Consequently, the determinant of the dimesic function is factorized into four 
parts, 

det U = -(D T ) 2 D h D PT , (11) 
where the transverse, longitudinal and PT dimesic functions are written as, respectively, 

d t = \ + Xb n{r 2 + ,r 2 ), d l = d t , (12) 
d pt = (1 - x,n(r+ 1 , rr 1 )) (1 - X5 n(r° + ,r a _))- Xs x,n(r+ 1 , r°_ )77(r° , r: 1 ). (13) 



III. THE TRANSVERSE CORRELATION FUNCTION 



In this section we will derive more explicit form of the transverse correlation function at q = which is used for 
description of the GT states. First we will calculate the real and imaginary part of the density-dependent transverse 
correlation function separately, and next the density-independent part. 

According to Eq. (jHJ) , the real part of the density-dependent transverse correlation function is written as 



Re 77 D (r 2 , r 2 ) = j 22 (fc n , qo ) + J 22 (fc p , -q Q ), 



(14) 



where J 22 (ki,q) represents 



E, 



(p + q) 2 - M* 



(15) 



Since t 22 at q = is given by 



t 22 (p,q) = -4(2M* 2 + E p q + 2p 2 v 



(16) 



the real part Ea. lfHfl is described as 



Re77 D (r 2 ,r 2 ) = -± 



-4 d 3 p 



2 2 

P-Pt 



9 (n) 
7 P 



9 (P) 
7 P 



E% \ 2E p + q 2E p - q 



(17) 



The imaginary part of the density-dependent correlation function at q — is given by Eq. (jSJ as 



imn B (n,r b 



,,4 6(po-E p ) 
' P E — 



t ab (p,q)S(q 2 + 2poq )9i n) 



+ t« b (p, -q) S(q 2 - 2p q ) 0™ - ^ t ab (p, q) 9$> 9$> 



E r . 
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Using 

S(q 2 ± 2p Q q ) = 2~ (%o) + <5(<Zo ± 2po)), 



2po 

the above equation is rewritten as 



Imi7 D (^,r!) - -7T<% ) J<?p 6(P ° 2E f p) (t ab (p, q) 0™ + t ab (p, -g) fl^ - 2t ab (p, q) flW B®) + R m . 



The last term -R N ^ comes from the N-N excitations, 



Rm(lo) = -njdip 6{P ° 2E2 Ep) (t ab (p, q) S(q Q + 2E p ) 9™ + f*(p, - g ) % - 2E p ) 0<J>>) . 

Inserting Eq. (|16l) into the above equations, the imaginary part of the density-dependent transverse correlation function 
is obtained as 

lmn D (rl,r 2 _ ) = 47r% ) Jd 3 p M * E + Py (e^ +9^ - 20<?>9to) +i? NW , (18) 
where -R N ^ is given by 

i?NN = - ^ [ d3 P + 2S p ) fl£0 + S(q 2E p ) 0(p)) . (19) 

From Eas.l|17|). I|18|) and l|19fl . the density-dependent part of the transverse correlation function is described as 

m* 2 + pi ( e p n \i - e p p) ) P P) (i - e p n) ) \ 



d 3 P - 



Ep \ qo + is qo - is 



A J dp El {2Ep- qo - l e + 2E p + q Q - l e)- {M > 

The density-independent part of the transverse correlation function is calculated in the same way. From Eqs.Q) 
and l(TB|l . we obtain 

n F (rl, r 2 ) = 4 fd 3 P ^-^( + V (21) 

V +' J 1 El \2E p -q -ie 2E p + q -ieJ V ' 

The sum of Eqs.(j20J) and (|21|l provides us with the full transverse correlation function II(r 2 ,r^_). It is also 
expressed as a sum of contributions from particle-hole and N-N excitations: 

n(r 2 + ,r 2 _) = n ph {rl,r 2 _) + n m {r 2 + ,r 2 ), (22) 

where each term is described as 

u^rl.rl , . - 4 fo, ^ f *""-*"> - ^) , (23, 

J E p y qo + ie q - is J 

^-P 2 y ( l-flp P) l-gp n) ^ 

El I 2E P -q -ie + 2E P + q - ie 



n N ^rl,r 2 _ ) = 4 /d 3 P ^ ( J " p - + I ■ (24) 



IV. THE EXCITATION ENERGY OF THE GT STATE 



The eigenvalues of the excitation energies are given by the real part of the dimesic function, 

det Re U = 0. (25) 

The excitation energy of the GT state is estimated with use of the transverse part of the dimesic function in Ea. (|12J) . 
The real part of the transverse correlation function, which we need in the dimesic function, is obtained from Eas. l22() 
to (23}. 
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A. The Excitation Energy in the Nucleon Space 



In this subsection, we will calculate the excitation energy of the GT state, neglecting perfectly the antinucleon 
degrees of freedom. In this case, according to Eas. (|12|) and (|23[) . the real part of the transverse dimesic function is 
described as 

Re D T = 1 + X5 Re 77 ph (r 2 , r* ) , (26) 
Rei7 ph (/t ,n) = - ^ Q(M ' Q(fcp) , (27) 



r^n ^ 3 f"' ^3 M *' + P% 

Q^) = -jz / d P 



where Q(fcj) is given by, 

no* A — , ,, „ 

4* Jo 1 El 

= ^L + 2 fc l M* 2 -2Ar 3 tan- 1 -^. (28) 
3 M* v ' 

From Re Z?t = 0, finally we obtain the relativistic expression of the excitation energy in nuclei with k n > fc p , 

"o = ^(Q(hn)-Q(k P )). (29) 
Relativistic effects on Ea. (|29f) can be seen more transparently, by defining Fermi momentum kp as usual 

These yield a relationship for (N - Z)/A -C 1, 

fc n - fcp » ^fc F N ^ — , (31) 



dQ(k F ) _ fc 2 (3M* 2 + fc 2 ) Q , 2 / 2 2 



By using the equation: 

"m-^- "^'*' -'*^-?*)- ^'Tmrn- (32) 

we expand (Q(k n ) — Q(k p )) in Eq.J55J) up to first order of (fc„ — fc p ). Then replacing (fc n — fc p ) by Eg. (|31|) . we obtain 
the relativistic expression as 

/ 2 ,\ &k F N-Z 

The first factor of the r.h.s., depending on the Fermi velocity vp, shows relativistic effects on the excitation energy. 
In the non-relativistic limit vp <C 1, Ea. l33|) becomes to be 

SklN-Z 

"° = ^^jT- (34) 

This result can be also obtained without using the approximation Ea. (|31|l . In the non-relativistic limit p 2 <C M* 2 , 
Eq.lJ^HJ) becomes 

Q(fci) w kf. (35) 

This, together with Eas. (|29|> and l|3l7|l . yields the same result as Ea. (|3^|l . 

Eq.(j2U) is just the one obtained previously in non-relativistic models with 95 = ^'(/Tr/w^) 2 !^]. In relativistic 
models, the excitation energy of the GT state in nuclear matter is thus given by the transverse part of the dimesic 
function, and is independent of the pion exchange, even when its energy-dependence is taken into account. 

We will show later that the relativistic factor (1 — 2v F /3) in Ea. H33|) stems from the quenching of the GT strength 
in the nucleon space. In most of the relativistic models the nucleon effective mass is about 0.6 A/ 8], which yields 
vp = 0.43 for kp = 1.36fm . This value implies that we must use a larger value of g' by 14% in the relativistic 
model than that in non-relativistic models. Non-relativistic models require the value of g' to be about 0.6 in order to 
reproduce experimental dataQ- In this case the relativistic model needs to use g' = 0.68. 
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B. Effects of the Pauli Blocking Term 

It is known in the relativistic model that the antinucleon degrees of freedom play an important role for some physical 
auantities |lOllTll |. Even in the RPA based on the mean field approximation, a part of the antinucleon excitations should 
be taken into account in order to keep the continuity equation[5j. It is the density-dependent part in the antinucleon 
excitations, which is usually called the Pauli blocking term. Without the Pauli blocking term, for example, the orbital 
part of the magnetic moment and giant multiple resonance states are not described correctly ^3 ^3- I n the case of 
the GT state at q = 0, it is not clear whether or not the Pauli blocking term should be taken into account. Let us 
study, however, their effects on the excitation energy of the GT state. 

The Pauli blocking term in the present case is given by the density-dependent parts of Eq. (|24ll 



n Pauli (rl,r^) = -4: Jd 

Its real part is written as 



n 2 _ 2 / fl (p) a(n) 



El \ 2E p -q ~i£ 2E p + q Q 



16tt 
~3 

where we have defined 



Re77 Pauli (r2, rl ) = —k, k = - %(fc„, q ) - P w (k p , -go), (36) 



3 r- ,/••/, P - pI 

4?r J E p 2E p + q 
For go "C M*, as in the GT state, is approximately given by 

P^(k F ,q )~ P(fep) 



3 f kF d 3 p P 2 ~ P 2 



4tt7 El 2E p 

- ^(^ F -4-j(i-4)iog^ 

= kl V f(l + ^ F + ..Y (38) 



where Ep denotes \J M* 2 + k F . In taking the above contribution to Ea. (|27|l . the excitation energy of the GT state is 
obtained as 

1 2 2 

1 - o v f 8k v N-Z 
1+ 3^ K 

The result shows that when we use the values of parameters as mentioned at the end of the previous subsection, the 
effect of the Pauli blocking terms is negligible. Even if we should take into account the Pauli blocking terms, their 
effects are less than 0.5% on the excitation energy. 

V. THE GT STRENGTH 

In this section, first we will discuss the total GT strength in nuclear matter where we can obtain its analytic 
expression and understand the structure of the relativistic model. Next we will investigate effects of finiteness in 
nuclei. 

A. The GT Strength in Nuclear Matter 

The total GT strength is calculated by integrating the response function R over the excitation energy. The rela- 
tionship of the response function to the correlation function 77 is given by@ 
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First we investigate the total GT strength in the mean held approximation. For this purpose we can employ the 
imaginary parts of Eas. (|22l) to (|24ll . The total strength for the j3~ transitions in the nucleon space is given by the 
first term in the parentheses of Eq. H23[l , 



d 3 P ' E2 " (^ n) ~^ p) ) - F (Q(fcn)-g(fc p )). (40) 



When we expand Q in terms of (fc n — k p ) as before, we obtain the value of the total strength in the nucleon space, 

2 



Sph « ( 1 - 3«P ) 2 (N - Z) . (41) 

In the present definition, Ikeda-Fujii-Fujita sum rule in non-relativistic models [l2| is written as 

(\Q + Q-\)-{\Q-Q+\)=2(N-Z), (42) 

for 

A 

Q± = ^2 (T±er v ). . 

This is nothing but the result of the commutation relation: 

[r + a y , T—Oy ] = 2r 2 . 
If we assume that there is no ground-state correlation, 

Q+\) = 0, (43) 

we have simply from Eg. (1421) 

{\Q + Q.\)=2{N-Z) (44) 

in non-relativistic models. Comparing Eg. (|4ip> with the above equation, it is seen that the relativistic sum value is 
quenched by the factor (1 — 2Up/3), which is about 0.88 for the previous value vp = 0.43. 

The strength of the f3 + transition in the nucleon space is given by the second term in the parentheses of Eq. 123|) 
with replacing qo by —qo, but its value is zero for k n > k p as in Ea. H43f) . The quenched strength in the nucleon space 
in Ea. (|41|l is not taken by the f3 + transition, but by the antinucleon degrees of freedom. This fact is shown as follows. 
According to the first term of Ea. (|24|l . the strength of the p~ transition in the nucleon-antinucleon excitations is 
given by 

o-_ = ±A fa P 2 -P 2 

NN 47r £|, j ^ ) ( 

while the one of the f3 + transitions is provided by the second term with replacing qo by — qo-, 
The above two equations are both divergent, but their difference is finite as 

^2 „2 



•fv^-gF - e'r) , (45) 



S~ -S + =—— fd 3 v- ?»(g(n)-o(p)\ 

NN S NN 4 ^fc| J P El V P P J' 



(47) 



The sum of the above equation and Ea. (|40|) provides us with sum rule corresponding to Ea. H42|) . 

s ^ + s ^m~ s ^ = ^ N - z )- ^ 

In order to obtain the sum rule value 2(N — Z), we need a complete set of the nuclear wave functions. This fact 
requires both the nucleon and the antinucleon space in relativistic models. Since the nucleon-antinucleon states are 
in the time-like region, the GT strength for charge-exchange reactions which excite nuclear states in the space-like 



8 



region is quenched by the amount of Eq. I|47|l . This quenching can be also discussed by calculating GT matrix elements 
directly, as we have done in ref . pj| ■ 

Next we calculate the strength of the GT state in RPA, using the RPA correlation function 77rpa(-T , + , -T 2 )• When 
using the abbreviations TTrpa^^ , r 2 ) = -/7rpa(<7o) and II (r+, -T 2 ) = n(q ), ilRPA(Qo) is written as 

n R P A (q ) = TpT-^T , D T (q ) = 1 + X 5n(q ). 
Expanding i>r(<7o) at qo — loq, we have 

fdDrY 1 n(q ) 



IlRPA{qo) 



\ duio J qo — + is 



When keeping only the density-dependent part of the correlation function, the imaginary part of the above equation 
gives the strength of the GT state, 

Kit? 



F (l + 2 55K /(3tt 2 )) (l + 2^/(3^)) 



The K-dependent term stems from the Pauli blocking effects, and is negligible, as mentioned before. Thus in the 
present model, the GT state exhausts the total strength in the nucleon space. Comparing Ea. (|29(l with the above 
equation, we can see that the factor (1 — 2t>|/3) in the expression of the excitation energy Ea. H33|) is due to the 
quenching of the GT strength in the nucleon space, but not from the relativistic kinematics. 

B. The GT Strength in Finite Nuclei 

We have shown analytically that the GT strength, which is responsible for the giant GT resonance, is quenched by 
about 12% in nuclear matter. The quenched amount, however, depends on the momentum distribution and the value 
of the nucleon effective mass near the nuclear surface, as seen in Ea.(|4(jp. Therefore let us estimate numerically the 
GT strength for finite nuclei in the mean field approximation. 

We write the four-component nucleon spinor as 



/ \ tjm) \ 



r 



F a (r) ,j. . 



where a stands for the quantum numbers {n£j} , and £ is given by I = j ± 1/2 = £ ± 1 for j = £ ± 1/2. We define the 
GT strength as follows, 

T aa ,{a^) = 2j2\{a'm'\a fl \am)f = ^\(£'j'\\a\\£j) Iel f , 

ram' 

using the notations: 

( W Ik >rd = 6u> tj ) 9(a, a') + 6 E , (£j'\\a\\ £j ) /(a, a'), 

g(a:a')= drG a (r)G a ,(r), f(a : a') = / dr F a (r)F a ,{r). 



If we calculate the strengths for the transition from j = £ + 1/2 to j' = l± 1/2 ( n' = n ) only, as in non-relativistic 
models for subshell closed shell nuclei, the sum of the GT strengths is given by 

^ 4(l+l)(2l + 3) / _ 2£+l \ 2 161(1+1) 2 

aa ' [ ^ 3(2* +1) \ g+ 2£ + Z J+ ) + 3(2* +1) 
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with 



g±=g(n,£,£+l/2:n,£,£±l/2), 



f±=f(n,e,£+l/2:n,i,t±l/2). 



In assuming the proton wave function is the same as the neutron wave function, we have g + + /+ = 1 from the 
normalisation of the wave functions. Moreover, it may be reasonable to assume that g_ « 1 — /+. Then, the sum of 
the GT strengths is approximately given by 



Since most of the relativistic models provides us with /+ ~ 0.02, the above equation shows that the GT strength is 
quenched by about 5%, compared with the non-relativistic sum value 2(2j + 1). 

In relativistic models, there are other transitions even in sub-shell closed nuclei, like 48 Ca. Table[n]shows that their 
contributions to the total GT strength. In order to calculate the GT strengths, we have employed the relativistic 
model which is named NL-SH^J. We calculate the only strength between the bound states. Contributions from the 
continuum states are expected to be small. In the Table, the top one shows the results in using the neutron wave 
functions for the initial and final state, and the bottom one those obtained using the proton wave functions for the 
final states. These calculations are performed to see effects of the Coulomb force. The non-relativistic sum value 
for 48 Ca is 16 in the present definition. The Table shows that the relativistic sum value is quenched by about 6%, 
compared with the non-relativistic one. This reduction of the quenched amount, compared with the one in nuclear 
matter, was expected from the value of the nucleon effective mass near the nuclear surface, as mentioned before. Since 
the total GT strength in the nucleon space is quenched in the mean field approximation, we expect that the sum of 
the RPA strengths in finite nuclei is also quenched, as in the case of nuclear matter. 



From section m to the last section we have discussed the problems related to the transverse part of the correlation 
function. In this section let us briefly discuss the structure of the the pion- and time-component, mainly in order to 
study the way to use g' in relativistic models. 

Since at q = 0, the correlation functions satisfy 




VI. THE PION- AND TIME-PART OF THE CORRELATION FUNCTION 





The function t 00 (p, q) at q = in 77 (P? , r® ) is calculated according to Eq.lJSJ) as, 

t 00 (p, q) = 4 (2M* 2 - E p (2E p + q )) . 



In taking into account the density-dependent parts only, we have the real part of the time-component as 



Re77(r° , r°_ 



) = J 0a (k n ,q ) + J m (k p ,-q ), 



(50) 



where J 00 is given by 




(51) 



For g *C M* , neglecting the qo~dependence of the second term, we obtain 




(52) 
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with 

Q-OW = - ^ jf F A |p2fc F - 2M* tan- £ - || . (54) 
From the above equations, the real part of II (r® is described as 

Re n{rl ,r° ) « i6ttM* 2 (V (fc F ) + ^^<9o(m) , (55) 

where Q (A;f) denotes the derivative of Qo^f) with respect to hp. 

Finally the real part of the PT dimesic function is given by 

Re DpT „ i _ H^! L + 5 2 f Po(fcF) + ^V^Q^fcF)) ■ (57) 

The structure of Re -Dpt is similar to Re Z?t in Eq.J23) to which Eg. 1)36(1 is added. Eas. (|53|l and l|56f) . however, 
show that the quantity in the second parenthesis in the above equation is negative. Therefore, the excitation energy 
given by Re -Dpt = should be higher than the pion mass go > m 7r- 

The first parenthesis of Eq. (|57|) may be obtained by the insertion of g' into the pion propagator as 

1 (58) 



9 9 9 9 9' 

m£ — q m* — q q 

which was frequently used in relativistic description of high-momentum transfer reactions^. Ea. ((57|l . however, shows 
that the way to put g' in the meson propagator cannot describe the GT states. In order to show this fact, we have 
used the Lagrangian Eq.JI}, although the GT state can be described only by the contact term in nuclear matter. The 
above modification of the meson propagator in Ea. (|58|l was introduced from non-relativistic models. Those models 
use a static potential and modify the meson propagator so as to cancel the short range part of the interaction as 

9 2 

q q ' (KQ^ 

g. (59) 



m 2 + q 2 ra 2 + q 2 

Ea. (|58|l . however, is not a reasonable extension of Ea. (|59() for description of the GT state. 

The last statement, of course, does not mean that the Lagrangian form in Eq.QJ provides us with a correct 
four-momentum dependence of g' . In non-relativistic models also we do not know the dependence so well|l5j. The 
Lagrangian form in Eq.QJ can describe the GT state at q = 0, and cancel the short range part of the interaction, 
but yields an additional four- momentum transfer dependence of the dimesic function. In fact, the dimesic function 
except for the transverse part is written at the static limit q a = as, 

- -Dptl = (i - x 5 n 00 ) (i + (xs - x.qDn 11 ) + X5 (x 5 - x,ql){n w f, (60) 

where we have used the abbreviation: II ab = iT(Pf , P^ ). More detailed investigation on g' is necessary for discussions 
of high momentum transfer phenomena. 

Finally we note effects of the Pauli blocking terms. When we take into account the only particle-hole excitations, 
we have Re PT(P£ ) r° ) as 

Re n(r° + ,r°_) = — L- fd 3 P £s k n) - ^ p) ) = (Qo(K) - Qo(fcp) 

qo+ie J 2E£ V p p J q + i£ V 

This shows that the term Po(fcp) in Ea. ((55|l comes from the Pauli blocking terms. The effects of the Pauli blocking 
terms are not small in the present case, compared with those in the transverse mode. In fact, the relationship between 
contributions from the particle-hole term to the Pauli blocking one is given by 

Q (fc P )«-24, Fo(M--t-^^f), 

3 ovp 
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in the present case, while in the transverse mode, we have from Eas. H32|) and l|38() 

3 3 

Q'(fc F ) « 3fc| , P(k F ) « fc| ^ « ^ Q'(Af). 
VII. SUMMARY 

In 1980's, analytic expressions of the excitation energies for the giant monopole and quadrupole resonance states 
were derived in the relativistic model|n|- When they are expressed in terms of the Landau-Migdal(LM) parameters, 
they are formally equal to the non-relativistic expressions, in spite of the fact that the LM parameters are strongly 
dominated by relativistic effects. In this paper, we have obtained the relativistic expression of the excitation energy for 
the Gamow-Teller(GT) state in nuclear matter. It is described in terms of the LM parameter g' which is introduced in 
the Lagrangian as a contact term. Compared with the corresponding non-relativistic one, the relativistic expression 
has an additional factor of (1 — 2«p/3), v-p being the Fermi velocity. This means that in order to reproduce the 
same excitation energy as in non-relativistic models, the present relativistic model requires a larger value of g' by this 
factor. 

The above relativistic factor comes from the quenching of the GT strength in the nucleon space. A part of the 
GT strength is taken by the nucleon-antinucleon states in the time-like region which are not excited in usual charge- 
exchange reactions. This quenching is thus peculiar to the relativistic models. The quenched amount is estimated to 
be 12% of the classical Ikeda-Fujii-Fujita sum rule value in nuclear matter, and 6% in finite nuclei. 

Recently experiment has observed 90% of the classical sum rule value in 90 Zr^?|j although the data were analysed in 
non-relativistic models. So far the quenching of 10% has been considered to be due to the coupling of the particle-hole 
states with A-hole states. Under this assumption, the LM parameter g' AN for the coupling is estimated to be about 
0.2 to 0.3, depending on the modelQ- The determination of the value of is very important for studies of nuclear 
magnetic moments and pion condensation. In particular, the critical density of the pion condensation is dominated 
by the value of <?an- It has been shown that if its value is about 0.2, a rough calculation yields the critical density 
to be about 2 times of the normal density^]- In the present relativistic model the nucleon-antinucleon excitations 
are also responsible for the quenching. If a half of the quenching is owing to the nucleon-antinucleon excitations, the 
value of <7^ N becomes to be about a half of the above value, and consequently the critical density becomes lower. 
More detailed investigation on the observed quenching is required in the relativistic model. 

In this paper we have also discussed whether or not it is appropriate for the relativistic model to insert the LM 
parameter g' into the meson propagator. This method was frequently employed for the study of high-momentum 
reactions, but we have shown that this method can not describe the GT states. 

Furthermore, it has been shown that the Pauli blocking terms are not important for discussions of the GT states. 
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TABLE I: The structure of the correlation function n(ri,r\ ). The first column and row indicate the values of a and b of 
77(rf,r|). The open boxes mean that 77(_T™, r\ ) has non-zero value. Table (a) is for 0, while (b) for q = 0. 
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TABLE II: The GT strength of the single-particle transition in 48 Ca. The top table shows the results obtained using neutron 
wave functions for the initial and final states, while the bottom one those using the proton wave functions for final states. The 
value in the parentheses following the single-particle quantum number shows the binding energy in MeV. T aa i is the value of 
the GT strength, and g(a : a') and f(a : a') show the overlap of the radial wave functions, as defined in the text. The values 
indicated by the underline do not contributed to the GT strength. 
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